INTRODUCTION
============

Many cells that migrate to form and remodel tissues and organs during development move in small to large groups, known as collectives ([@B92]). Collective cell movement also occurs in cancer and may contribute to invasion and metastasis ([@B118]; [@B38], [@B36]; [@B23]; [@B22]; [@B49]). Both single cells and cells in collectives undergo a motility cycle that consists of several stereotypical steps (reviewed in [@B86]; [@B35]). First, cells polarize to produce a major F-actin--­enriched protrusion from the plasma membrane at the front, which helps pull the cell forward. Second, cells adhere to a migratory substrate, made up of either other cells or extracellular matrix (ECM). Finally, cells break rearward adhesions to retract the cell rear, allowing the cell body to move. In single-cell movement, individual epithelial cells need to lose cell--cell adhesions with the adjacent epithelium to become motile (reviewed in [@B107]). In contrast, cells that migrate in collectives retain connections with neighboring cells to facilitate their movement as coordinated multicellular units (reviewed in [@B32]; [@B65]; [@B27]; [@B37]). Cell--cell contacts, typically through adherens junction (AJ) proteins such as E-cadherin, further facilitate transmission of information among the connected cells ([@B8]; [@B25]; [@B37]). Mechanical coupling of cell adhesions to the cytoskeleton in turn helps coordinate the entire cell group so that one (or more) cell at the front becomes the protrusive leader cell, while the cells at the back become nonprotrusive followers ([@B32]; [@B58]; [@B65]; [@B37]). The mechanisms that promote precise cell--cell communication within collectives to establish and maintain this front--back polarity remain poorly understood, especially for those cells that migrate inside tissues.

The relatively simple *Drosophila* border cells provide a genetically accessible model to investigate how cell collectives form and move in vivo (reviewed in [@B74]; [@B90]). Border cells migrate as a group in the developing egg chamber, which is the functional unit of the ovary ([@B73]; [@B105]). During late oogenesis, four to eight epithelial follicle cells at the anterior are specified to become motile border cells through activation of janus kinase/signal transducer and activator of transcription (JAK-STAT) signaling ([@B102]; [@B9]; [@B42]; [@B115]). The border cells coalesce around the central pair of polar cells to form a migratory cluster. Subsequently, the border cell cluster detaches (delaminates) from the epithelium ([Figure 1A](#F1){ref-type="fig"}). The timing of migration is regulated by a pulse of the ecdysone steroid hormone ([@B6]; [@B47]). Border cells then move between the large germline-derived nurse cells ([Figure 1A](#F1){ref-type="fig"}). A combination of apical cell polarity proteins and adhesion proteins, including Par-3 (Bazooka; Baz), aPKC, and E-cadherin, keep the border cells attached to the central polar cells and organized tightly into a cohesive cluster ([@B78]; [@B59]; [@B18]; [@B111]). During migration, the border cell cluster is clearly polarized, producing a forward-directed protrusion that keeps the collective motile ([@B40]; [@B82]; [@B80]). Eventually the border cells reach the oocyte at the posterior ([Figure 1A](#F1){ref-type="fig"}). Once there, border cells contribute to formation of the micropyle, the sperm-entry pore used for fertilization of the oocyte ([@B73]; [@B105]).

![PDZ-GEF is required for border cell migration. (A) Wild-type border cell migration at the indicated ovarian developmental stages. Frames from live time-lapse videos of wild-type egg chambers stained for the lipophilic dye FM 4-64. Border cells (bc; arrows) detach from the follicle cell (fc) epithelium at early stage 9 (e9), migrate between the 15 nurse cells (nc) at stage 9, and reach the large oocyte at the posterior by stage 10. (B) PDZ-GEF RNAi knockdown prevents border cell migration. Quantification of border cell migration at stage 10, shown as the percentage of complete (green), incomplete (pink), or no (blue) border cell migration in control (*c306*-GAL4, tsGAL80/+) and PDZ-GEF RNAi (*c306*-GAL4, tsGAL80/+; +/PDZ-GEF RNAi) egg chambers, using three PDZ-GEF RNAi lines: 27017, 27105, and TRiP.HM05139. The egg chamber schematic illustrates the migration distance categories (no migration, incomplete, complete) of border cells (yellow). Values consist of four trials, with each trial assaying *n* ≥ 75 egg chambers (total *n* ≥ 310 egg chambers per genotype); \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001; unpaired two-tailed *t* test comparing "complete" migration. (C) Loss of *PDZ-GEF*, using strong transallelic combinations of mutant alleles ([@B54]; [@B103]; [@B112]), disrupts border cell migration. Quantification of migration at stage 10, as shown in B. Genotypes: *PDZ-GEF^1^/+* (control), *PDZ-GEF^1^/PDZ-GEF^6^*, and *PDZ-GEF^1^/PDZ-GEF^3^*. Values consist of five trials, with each trial assaying *n* ≥ 50 egg chambers (total *n* ≥ 255 egg chambers per genotype); \*\*\*\**p* \< 0.0001; unpaired two-tailed *t* test comparing "complete" migration. Error bars in B and C: ± SEM. (D, E) Loss of *PDZ-GEF* impairs border cell migration. E-cadherin (E-cad; red) labels cell membranes of border cells (arrows) and follicle cells, phalloidin (green) labels F-actin and DAPI (blue) labels nuclear DNA in stage 10 *PDZ-GEF^1^/+* (control, D) and *PDZ-GEF^1^/PDZ-GEF^3^* mutant (E) egg chambers. Anterior is to the left in this and all following figures.](mbc-29-2656-g001){#F1}

Recent work in border cells has produced critical insights into the cellular and molecular mechanisms that establish and reinforce the formation of leader and follower cells in collectives (reviewed in [@B74]; [@B65]; [@B90]). Signaling through two receptor tyrosine kinases (RTKs), epidermal growth factor receptor (EGFR) and platelet-derived growth factor/vascular-endothelial growth factor (PDGF/VEGF) receptor related (PVR), polarizes the border cell cluster in response to guidance ligands secreted by the oocyte ([@B29]; [@B30]; [@B68]; [@B82]; [@B113]). These RTKs activate the small GTPase Rac at the cluster front, thus promoting an enrichment of F-actin in the front ("leader") border cell, which then induces formation of a stable protrusion. Rab11, through the actin regulator Moesin, helps restrict Rac activity to the front, and communicates this information to the other cells so that nonleader ("follower") cells cannot form stable protrusions ([@B84]). The cell--cell adhesion protein E-cadherin, through its function in AJs and coupling to F-actin ([@B7]), further mechanically links border cells, stabilizing the lead protrusion and suppressing protrusions from the other cells, thus reinforcing their status as follower cells ([@B18]). Jun amino-terminal kinase (JNK) signaling also promotes normal cell--cell contacts between border cells for cluster cohesion, as well as communication between cells ([@B59]; [@B113]). Protrusions thus restricted to the lead border cell help the cluster navigate its way to the oocyte. Currently, it is unclear whether additional molecular mechanisms work together with this RTK-mediated pathway, or in parallel, to polarize the cluster and help establish leader versus follower cells. In a screen to uncover new regulators of cell polarity and migration of border cells ([@B3]), we recently identified PDZ-GEF, a canonical guanine nucleotide exchange factor (GEF) for Rap1 ([@B83]).

Rap1, a highly conserved member of the Ras family of small GTPases, regulates many morphogenetic events during development through control of cell--cell and cell--extracellular matrix (ECM) adhesion, cell polarity, and/or the actin cytoskeleton (reviewed in [@B51]; [@B14]; [@B39]; [@B43]). Like all GTPases, Rap1 undergoes an activity cycle, consisting of activation by GEFs and inactivation by GTPase-activating proteins (GAPs). Highly specific functions of Rap1 occur through its downstream effectors, such as Canoe/Afadin, Riam, Rasip1, and others ([@B12]; [@B52]; [@B51]; [@B83]; [@B79]). In the early *Drosophila* embryo, Rap1 promotes establishment of epithelial polarity through positioning of AJs via Canoe ([@B24]; [@B15]). Later in embryogenesis, differing levels of activated Rap1, through the spatially expressed GAP Rapgap1, positions where epithelia will fold and create invaginations ([@B114]). Here Rap1 regulates adhesion strength and location by coupling AJs to F-actin. Similarly, in the developing wing, Rap1 stabilizes E-cadherin-containing AJs ([@B50]). Additional functions for Rap1 in fly development include invagination of the mesoderm, dorsal closure, anchoring of testis stem cells to their niche, neuroblast polarity, and eye morphogenesis ([@B4]; [@B112]; [@B91]; [@B19]; [@B104]; [@B110]). Developmental roles for Rap1 are conserved in vertebrates, where Rap1 participates in neural tube closure, convergent extension during gastrulation, as well as neuronal differentiation, polarity, and axon pathfinding ([@B44]; [@B108]; [@B99]; [@B97], [@B98]). There is emerging evidence that Rap1-mediated signaling also regulates migration of single cells ([@B45]; [@B48]; [@B55]; [@B61]; [@B119]). The function for Rap1 in collective cell migration, however, is relatively unexplored. Here we show that Rap1, activated by PDZ-GEF and inactivated by Rapgap1, is a major regulator of border cell collective movement. Specifically, Rap1 promotes the organization of cell--cell contacts within the border cell cluster and facilitates the polarized extension of lead cell protrusions.

RESULTS
=======

PDZ-GEF is required for border cell migration
---------------------------------------------

To identify new regulators of cell--cell junctions, cell polarity and other critical parameters of border cell collective migration, we previously performed an RNA interference (RNAi) screen that targeted the majority of *Drosophila* PDZ (Psd95/Dlg/ZO-1) domain-containing proteins ([@B3]). One of the strongest candidates from the original screen was *PDZ-GEF* (also known as *dizzy* or *GEF26*). *PDZ-GEF* encodes a Rapgef1/2 homologue with single cyclic nucleotide monophosphate-binding (cNMP-binding), Ras-like guanine nucleotide exchange factor N-terminal (also called Ras exchanger motif or REM), PDZ, Ras-association (RA), and catalytic GEF domains ([@B54]; [@B13]). To confirm a requirement in border cell migration, we first obtained additional independent upstream activating sequence (UAS)-RNAi lines that targeted *PDZ-GEF*. We drove UAS-RNAi knockdown in the entire border cell cluster using *c306*-GAL4, which drives expression early in anterior and posterior follicle cells and maintains expression in both border cells and the central polar cells throughout their migration ([@B64]; [@B102]). Control border cells normally finish migrating to the oocyte by stage 10 ([Figure 1, A and B](#F1){ref-type="fig"}). In contrast, each of the three *PDZ-GEF* RNAi lines consistently disrupted border cell migration when driven by *c306*-GAL4 ([Figure 1B](#F1){ref-type="fig"}). Specifically, ∼20--40% of border cells deficient for *PDZ-GEF* stopped along the migration pathway ([Figure 1B](#F1){ref-type="fig"}). We also validated the ability of these RNAi lines to knock down *PDZ-GEF*. Each of the three *PDZ-GEF* RNAi lines reduced the levels of PDZ-GEF RNA when driven ubiquitously in vivo (Supplemental Figure 1A). We further verified the requirement for PDZ-GEF using two strong but viable transallelic combinations of *PDZ-GEF* mutant alleles, *PDZ-GEF^1^/PDZ-GEF^3^* and *PDZ-GEF^1^/PDZ-GEF^6^* ([Figure 1, C--E](#F1){ref-type="fig"}) (see *Materials and Methods*; [@B103]; [@B112]). While control border cells (*PDZ-GEF^1^/+* heterozygotes) migrated to the oocyte, ∼40--50% of border cells in *PDZ-GEF* mutant egg chambers failed to complete their migration ([Figure 1, C and E](#F1){ref-type="fig"}). Similarly to what we observed for *PDZ-GEF* RNAi, border cells mutant for *PDZ-GEF* initiated migration but stopped partway along the migration pathway ([Figure 1, B, C, and E](#F1){ref-type="fig"}).

We next confirmed that PDZ-GEF was expressed during the stages of border cell migration. A *lacZ* enhancer trap in the *PDZ-GEF* gene (*PDZ-GEF-lacZ*; genotype: *PDZ-GEF^1^/+*) was ubiquitously expressed in all border cells during their entire migration, as well as in follicle cells and nurse cells (Supplemental Figure 1B). *PDZ-GEF* transcript was similarly detected in a ubiquitous pattern at these stages of ovarian development (Supplemental Figure 1C; [@B46]). Finally, PDZ-GEF protein, as visualized using a functional green fluorescent protein (GFP)-tagged transgene driven by the endogenous *PDZ-GEF* promoter ([@B13]; [@B104]), was present in all cells of the ovary, including border cells (Supplemental Figure 1, D and D′). Together these data show that PDZ-GEF is expressed in and required for border cell migration.

Rap1 is regulated by PDZ-GEF and is required for border cell migration
----------------------------------------------------------------------

PDZ-GEF typically functions as a GEF for the small GTPase Rap1 ([@B28]; [@B56]). Therefore, we next asked whether Rap1 was expressed in the ovary during the stages when border cells migrate (stages 9--10). We made use of a functional GFP-Rap1 transgene driven by the endogenous *Rap1* regulatory sequences ([@B50]). Rap1 was detected in all follicle cells and nurse cells in the ovary ([Figure 2A](#F2){ref-type="fig"}). Moreover, Rap1 was expressed in border cells during initiation of cluster delamination/detachment (Supplemental Figure 2, A--A″), during migration ([Figure 2, A and B](#F2){ref-type="fig"}), and at the end of migration. Specifically, Rap1 was enriched at the cell cortex of border cells and polar cells ([Figure 2B](#F2){ref-type="fig"}), consistent with membrane-recruited active Rap1 ([@B11]; [@B43]). Previous studies provided genetic evidence that *Drosophila* PDZ-GEF and Rap1 act in the same pathway and demonstrated that the two proteins could bind in a yeast two-hybrid assay ([@B54]; [@B45]; [@B103]; [@B112]; [@B13]). We wanted to more directly test the extent to which PDZ-GEF regulates Rap1 activity in *Drosophila*. Therefore, we performed a GTPase activity assay in cultured S2 cells, designed to specifically pull down activated Rap1 (see *Materials and Methods*). When PDZ-GEF was knocked down by RNAi, using either of two double-stranded RNAs (dsRNAs; see *Materials and Methods*), the amount of activated Rap1 pulled down was markedly reduced compared with control dsRNA-treated cells ([Figure 2C](#F2){ref-type="fig"} and Supplemental Figure 2B). Specifically, Rap1 activity was 63 and 31% of control levels ([Figure 2C](#F2){ref-type="fig"}), closely matching the efficiency of the respective PDZ-GEF RNAi lines in vivo ([Figure 1B](#F1){ref-type="fig"} and Supplemental Figure 1A). We independently repeated the experiment and observed a similar reduction in Rap1 activity due to PDZ-GEF dsRNA-mediated knockdown (Supplemental Figure 2B).

![Rap1 is regulated by PDZ-GEF and is required for border cell migration. (A, B) GFP-Rap1 is expressed in border cells. Representative examples of stage 9 egg chambers expressing GFP-Rap1 (green) and costained for DAPI (blue in A) to label nuclear DNA, phospho-Jun (red in A) to label nuclei, or E-cadherin (E-cad; magenta in B) to label cell membranes. (A) Arrow points to border cells. GFP-Rap1 is also expressed in follicle cells and nurse cells. (B) Close-up view of a border cell cluster showing that GFP-Rap1 is membrane-enriched and partly colocalizes with E-cadherin in border cells and polar cells (left panel: asterisks; colocalization in white). (C) Activity pull-down assay demonstrates that PDZ-GEF regulates Rap1 activity in *Drosophila* S2 cells. GST-RalGDS-RBD beads were used to pull down GTP-bound active Rap1 from S2 cells in the presence of wild-type levels of PDZ-GEF (control *gal80* RNAi) or when PDZ-GEF was knocked down (v27107 and TRiP.HM05139 RNAi; see *Materials and Methods*). The relative amount of active Rap1 pulled down was identified by Western blot using a Rap1 antibody. Relative band intensities were measured as a percentage of the control, which represents the amount of maximally active Rap1 in this assay. (D, E) Inhibition of Rap1 activity by dominant-negative Rap1 (Rap1^N17^) or knockdown by RNAi disrupts border cell migration. (D) Expression of Rap1^N17^ disrupts border cell migration. Example of a stage 10 *c306*\>Rap1^N17^ egg chamber (*c306-*GAL4 tsGAL80/+; UAS-Rap1^N17^/+) stained for Fascin (red) to label border cells (arrow), phalloidin to label F-actin (green) and DAPI (blue) to label nuclear DNA. (E) Quantification of complete (green), incomplete (pink), and no (blue) migration in stage 10 control (*slbo*-Gal4/+), Rap1^WT^ (*slbo*-Gal4/+; +/UAS-Rap1^WT^), Rap1^N17^ (*slbo*-Gal4/UAS-Rap1^N17^), and Rap1 RNAi (*c306-*Gal4 tsGAL80/+; +/UAS-Rap1 RNAi v33437) egg chambers. Migration distance as in [Figure 1B](#F1){ref-type="fig"}. Values consist of five trials, with each trial assaying *n* ≥ 50 egg chambers (total *n* ≥ 250 egg chambers per genotype); ns, not significant, *p* ≥ 0.05; \*\*\*\**p* \< 0.0001; unpaired two-tailed *t* test comparing "complete" migration. (F, F′) *Rap1* mosaic mutant border cells do not complete their migration to the oocyte. Stage 10 *Rap1^CD3^* mosaic mutant egg chamber stained for Fascin (green) to label the border cells (arrow) and DAPI (blue) to visualize nuclear DNA. His2Av.mRFP (red fluorescent protein, RFP; red) marks wild-type cells; colocalization with DAPI appears as magenta. Loss of RFP marks the homozygous mutant cells, including border cells (arrowheads in F′). (F′) Magnified view of the *Rap1^CD3^* mosaic mutant border cell cluster from (F). Three cells, likely the pair of polar cells (yellow asterisk) and one border cell, are wild-type (red), while the remaining border cells are mutant (loss of red fluorescence). (G) Extent of migration when border cells are mosaic mutant for a loss-of-function allele of *Rap1*. Quantification of complete (green), incomplete (pink), and no (blue) migration in stage 10 control (*FRT 2A*) and *Rap1^CD3^ FRT 2A* mosaic mutant egg chambers. Migration distance as in [Figure 1B](#F1){ref-type="fig"}. Values consist of four trials, with each trial assaying *n* ≥ 75 egg chambers (total *n* ≥ 300 egg chambers per genotype); \*\*\**p* = 0.0001; unpaired two-tailed *t* test comparing "complete" migration. (H) Expression of Rap1^N17^ partially suppresses the migration defects caused by PDZ-GEF overexpression. Quantification of complete (green), incomplete (pink), and no (blue) migration in stage 10 egg chambers expressing PDZ-GEF and GFP (*c306*-GAL4/+; UAS-PLC∆PH-GFP/UAS-PDZ-GEF), Rap1^N17^ and GFP (*c306*-GAL4/+; UAS-Rap1^N17^/+; +/UAS-PLC∆PH-GFP), or Rap1^N17^ and PDZ-GEF (*c306*-GAL4/+; UAS-Rap1^N17^/+; +/UAS-PDZ-GEF). Values consist of three trials, with each trial assaying *n* ≥ 42 egg chambers per genotype (total *n* ≥ 176 egg chambers per genotype); ns, *p* ≥ 0.05; \*\**p* \< 0.01; one-way analysis of variation (ANOVA) comparing "incomplete" migration*.* Error bars in E, G, and H: ± SEM.](mbc-29-2656-g002){#F2}

We next investigated Rap1 function in border cells using three different approaches: expression of dominant-negative- (DN-) Rap1^N17^, Rap1 RNAi, and a *Rap1* loss-of-function mutant allele. Expression of Rap1^N17^, using either of two different border cell GAL4 drivers, the earlier-expressing *c306*-GAL4 ([Figure 2, D and H](#F2){ref-type="fig"}) and the later- (but generally higher) expressing *slbo*-GAL4 ([Figure 2E](#F2){ref-type="fig"}), prevented 30--50% of border cells from reaching the oocyte by the correct stage. Rap1 RNAi driven by *c306*-GAL4 similarly disrupted border cell migration ([Figure 2E](#F2){ref-type="fig"}). DN constructs and RNAi do not always represent true loss-of-function situations. Therefore, we next analyzed border cells mutant for a null allele of *Rap1* (*Rap1^CD3^*, a deletion of the entire Rap1 gene) ([@B4]). Because complete loss of *Rap1* is lethal, we used the mosaic FLP recombinase-FLP recombination target (FLP-FRT) system ([@B117]) to generate clones consisting of homozygous *Rap1* mutant cells in an otherwise heterozygous animal. Here, wild-type cells were marked by the presence of nuclear red fluorescent protein (RFP), while mutant cells were marked by absence of nuclear RFP. As with the other genetic manipulations, border cell clusters containing *Rap1* mosaic mutant cells fully delaminated (detached) from the epithelium but stopped along the migration pathway ([Figure 2, F and G](#F2){ref-type="fig"}). Most phenotypic border cell clusters were composed of both wild-type and mutant cells ([Figure 2, F and F](#F2){ref-type="fig"}′). Nonetheless, 80% of clusters that contained a mix of *Rap1* mutant and wild-type border cells failed to reach the oocyte ([Figure 2G](#F2){ref-type="fig"}). Taken together, these data demonstrate that the small GTPase *Rap1* is required for border cell migration.

The above-described migration defects caused by loss of *PDZ-GEF* and loss of *Rap1* were similar, and PDZ GEF is a known GEF for Rap1 ([@B13]; [@B83]; [@B104]). To test more directly whether PDZ-GEF was a major regulator of Rap1 in border cells, we next examined whether there was a genetic interaction between *Rap1* and *PDZ-GEF*. The Rap1^N17^ mutation titrates away specific GEF activity for Rap1 in cells ([@B33]; [@B12]; [@B45]). In *Drosophila* embryonic hemocytes, coexpression of PDZ-GEF rescued the migration defects caused by Rap1^N17^, likely due to overcoming the loss of GEF activity induced by DN-Rap1 ([@B45]). We drove expression of PDZ-GEF in border cells using *c306*-GAL4, either with a control UAS line (UAS-PLC∆PH-GFP, a neutral membrane GFP; [@B109]) or with UAS-Rap1^N17^ ([Figure 2H](#F2){ref-type="fig"}). Expression of PDZ-GEF strongly inhibited border cell migration ([Figure 2H](#F2){ref-type="fig"}, and below \[see [Figure 3, A and D](#F3){ref-type="fig"}\]). Coexpression of PDZ-GEF with Rap1^N17^, however, more closely resembled that found when Rap1^N17^ was coexpressed with the control UAS-GFP transgene. Thus, expression of Rap1^N17^ suppressed the migration defects caused by high levels of PDZ-GEF, likely by titrating away the exogenously expressed PDZ-GEF.

![Defined levels of activated Rap1 are required in specific cells for border cell migration. (A--D) Expression of constitutively activated Rap1, or elevated activation of Rap1 through PDZ-GEF, in border cells impairs border cell migration. (A) Quantification of complete (green), incomplete (pink), and no (blue) migration in stage 10 control, Rap1^V12^, and UAS-PDZ-GEF overexpression egg chambers. Genotypes: control (*slbo*-GAL4, UAS-mCD8:GFP/+), Rap1^V12^ (*slbo*-GAL4 UAS-mCD8:GFP/+; +/UAS-Rap1^V12^), PDZ-GEF (*slbo*-GAL4 UAS-mCD8:GFP/+; +/UAS-PDZ-GEF). Migration distance as in [Figure 1B](#F1){ref-type="fig"}. Values consist of three trials, with each trial assaying *n* ≥ 100 egg chambers (total *n* ≥ 310 egg chambers per genotype); \*\*\*\**p* \< 0.0001; unpaired two-tailed *t* test, comparing "no migration." Error bars: ± SEM. (B--D) Stage 10 control (B), Rap1^V12^ (C), and PDZ-GEF (D) overexpression egg chambers. *slbo*-GAL4 drives expression of UAS-Rap1^V12^ and UAS-PDZ-GEF, along with UAS-mCD8:GFP (green), in border cells (arrow), adjacent follicle cells, and centripetal cells (cells at the anterior side of the oocyte). DAPI (blue) labels nuclear DNA. Genotypes as in A. Insets, magnified view of the same border cell cluster costained with Fascin (red) to further label border cells (brackets) and adjacent follicle cells (arrowheads). (E) Schematic drawing of the border cell cluster, with the central polar cells, and surrounding nurse cells. Different GAL4 drivers can be used to test gene function in border cells (bc) and central polar cells (pc). Germline mosaic mutant clones can be used to test function in nurse cells (nc). (F) Rap1 function in polar cells. Quantification of migration at stage 10 when the polar cells express a control GFP (*upd*-GAL4/+; tsGAL80/UAS-PLC∆PH-GFP), Rap1^N17^ (*upd*-GAL4/+; +/UAS-Rap1^N17^; tsGAL80/+) or Rap1^V12^ (*upd*-GAL4/+; tsGAL80/UAS-Rap1^V12^), shown as complete (green), incomplete (pink), and no (blue) border cell migration. Migration distance as in [Figure 1B](#F1){ref-type="fig"}. Values consist of three trials, with each trial assaying *n* ≥ 27 egg chambers per genotype (total *n* ≥ 134 per genotype); ns, *p* ≥ 0.05; \*\*\**p* \< 0.001; unpaired two-tailed *t* test comparing "complete" migration. Error bars in A and F: ± SEM. (G) Border cells complete their migration to the oocyte when nurse cells are mutant for a loss-of-function allele of *Rap1*. Representative example of a stage 10 *Rap1^CD3^* mosaic mutant egg chamber stained for Fascin (green) to label the border cells (arrow) and DAPI (blue) to visualize nuclear DNA. His2Av.mRFP (red) marks the wild-type cells; loss of RFP marks homozygous mutant cells. In this egg chamber, all nurse cells are mutant (loss of red signal); the border cells and most follicle cells are wild type (colocalization of DAPI in blue and RFP in red appears as magenta).](mbc-29-2656-g003){#F3}

Although the data so far suggest that PDZ-GEF is a GEF for Rap1 in border cells, additional GEFs are known to regulate Rap1 activity ([@B83]; [@B43]). Two other Rap1 GEFs have been reported in *Drosophila*, Exchange protein directly activated by cAMP (Epac) and C3G guanyl-nucleotide exchange factor (C3G) ([@B31]; [@B100]). We obtained several RNAi lines for each gene and drove expression in border cells using *c306*-GAL4 (Supplemental Figure 2C). Decreased expression of *Epac* and *C3G* only mildly disrupted border cell migration, with ∼5--15% of border cells failing to reach the oocyte. The strong phenotypes observed with both *PDZ-GEF* and *Rap1* mutants suggest that PDZ-GEF is the major GEF for Rap1 in border cells, but we do not rule out minor and/or redundant roles for Epac and C3G.

Defined levels of Rap1 activity promote border cell migration
-------------------------------------------------------------

Like other small GTPases, Rap1 activity levels are tightly regulated to produce distinct cellular outcomes ([@B43]). Therefore, we next tested the impact of elevated Rap1 activity on border cell migration. We increased the levels of activated Rap1 either by expressing a constitutively active (CA) mutant Rap1 (Rap1^V12^) or by overexpressing the activator PDZ-GEF in border cells and adjacent follicle cells using the *slbo-*GAL4 driver. Normally, at early stage 9, border cells detach from the anterior follicle cell epithelium before migrating between nurse cells and eventually reaching the oocyte ([Figures 1A](#F1){ref-type="fig"} and [3, A and B](#F3){ref-type="fig"}). In contrast, ∼60% of border cells with higher Rap1 activity failed to complete their migration to the oocyte, with 30-40% of border cells remaining at the anterior tip of the egg chamber ([Figure 3, A, C, and D](#F3){ref-type="fig"}). Border cells retained at the anterior end appeared to be tightly connected to the neighboring epithelial follicle cells ([Figure 3, C and D](#F3){ref-type="fig"}, insets), suggesting a failure to detach from the epithelium. These data support the idea that precise levels of Rap1 activity are needed so that border cells can detach from the epithelium, initiate migration, and move between the nurse cells.

Cell-specific requirement for Rap1 in border cell migration
-----------------------------------------------------------

We next asked in which cells Rap1 activity was required for border cell migration. The border cell cluster consists of two cell types, the central polar cells and the outer migratory border cells ([Figure 3E](#F3){ref-type="fig"}). In addition, border cells migrate on and between nurse cells ([Figures 1A](#F1){ref-type="fig"} and [3E](#F3){ref-type="fig"}). Several key regulatory genes and pathways function in more than one of these cell types to control distinct aspects of border cell movement. For example, E-cadherin has multiple cell-specific roles: 1) in polar cells, E-cadherin maintains adhesion of border cells to the cluster; 2) in border cells, E-cadherin transmits mechanical tension so that only the lead border cell forms a protrusion; and 3) in nurse cells, E-cadherin provides traction for border cell movement ([@B75]; [@B40]; [@B18]). Moreover, activation of JAK/STAT in border cells relies on secretion of the cytokine Unpaired from the polar cells, which then specifies and recruits epithelial follicle cells to become motile border cells ([@B102]; [@B9]; [@B42]; [@B115]). Subsequently, JAK/STAT signaling is required in border cells for sustained migration ([@B101]). Because Rap1 protein is uniformly expressed in border cells, polar cells, and nurse cells ([Figure 2, A and B](#F2){ref-type="fig"}, and Supplemental Figure 2A), this raised the possibility that Rap1 similarly functions in more than one cell type for successful migration.

To determine whether Rap1 was required in specific cells, we took advantage of two GAL4 drivers that have distinct expression patterns within the border cell cluster ([Figure 3E](#F3){ref-type="fig"}); *upd-*GAL4 is expressed only in polar cells ([@B5]), whereas *slbo-*GAL4 is restricted to border cells ([@B88]). We drove expression of UAS-Rap1^N17^ to inhibit Rap1 activity and UAS-Rap1^V12^ to activate Rap1. As described above, loss or gain of Rap1 activity in border cells using *slbo-*GAL4 strongly disrupted migration ([Figures 2E](#F2){ref-type="fig"} and [3A](#F3){ref-type="fig"}). We next tested the requirement for Rap1 activity in polar cells using *upd-*GAL4. We included tsGAL80 to bypass potential lethality that could result from driving high expression of Rap1 mutants with *upd-*GAL4 during earlier stages of development ([@B70], [@B71]; [@B116]; see *Materials and Methods*). We confirmed that under these experimental conditions the *upd-*GAL4 driver was functional. Expression of the transcriptional coactivator and protein tyrosine phosphatase Eyes Absent (Eya) caused frequent loss of anterior polar cells (unpublished data), in agreement with the role for Eya in suppressing polar cell specification ([@B5]). Loss of Rap1 activity in polar cells, however, did not affect cluster migration or the ability of border cells to attach to polar cells ([Figure 3F](#F3){ref-type="fig"}). In contrast, increased Rap1 activity in polar cells by Rap1^V12^ mildly disrupted migration. Specifically, activated Rap1^V12^ expression in polar cells blocked border cell migration in ∼15% of egg chambers ([Figure 3F](#F3){ref-type="fig"}).

Finally, we tested whether Rap1 was required in nurse cells for border cell migration. We produced germline clones with the FLP-FRT method ([@B117]) using a null allele of *Rap1*, *Rap1^CD3^* (see *Materials and Methods*). As expected, control clones in nurse cells (FRT alone) had no effect on border cell migration (*n* = 19 egg chambers). Similarly, loss of *Rap1* in all nurse cells did not impair border cell movement (*n* = 31 egg chambers; [Figure 3G](#F3){ref-type="fig"}). Rap1 function is thus required in border cells but does not appear to be necessary in polar cells or nurse cells for migration. However, having too much Rap1 activity, either in border cells alone or in polar cells alone, prevents border cell migration.

Rapgap1 modulates Rap1 activity during border cell collective migration
-----------------------------------------------------------------------

The results described above indicate that active Rap1 primarily functions in border cells, but not in polar cells, whereas ectopic activation of Rap1 in polar cells can inhibit migration. These data thus raised the possibility that Rap1 activity was restricted in some way within the border cell cluster. Both Rap1 and its activator PDZ-GEF are broadly expressed in migrating border cells ([Figure 2, A and B](#F2){ref-type="fig"}, and Supplemental Figures 1, B--D′, and 2A). Thus, another mechanism likely restricts Rap1 activity to border cells. We focused our attention on Rapgap1, which is a major GTPase-activating protein (GAP) for Rap1 in *Drosophila* ([@B21]). GAPs hydrolyze guanosine triphosphate (GTP) to guanosine diphosphate (GDP), thus switching small GTPases from an active to an inactive state ([@B17]). Notably, Rapgap1 protein was expressed in the developing ovary during the stages that border cells migrate ([Figure 4, A--C](#F4){ref-type="fig"}′). Throughout oogenesis, Rapgap1 levels appeared to be high in both the anterior and posterior pairs of polar cells and was expressed in border cells ([Figure 4, A--C](#F4){ref-type="fig"}′, and unpublished data). To confirm the polar cell staining of Rapgap1, we costained egg chambers with a specific marker of polar cells, Fasciclin III (FasIII; [@B89]). Coexpression with FasIII confirmed that Rapgap1 was expressed in polar cells during the entire migration of border cells (Supplemental Figure 3, A--C′). Notably, prior to migration, we observed relatively lower levels of Rapgap1 protein in border cells compared with polar cells ([Figure 4, A, A′, D, and D](#F4){ref-type="fig"}″). Once border cells moved into the egg chamber, Rapgap1 levels remained lower in border cells than in polar cells ([Figure 4, B, B′, E, E″, F, and F](#F4){ref-type="fig"}″). However, Rapgap1 reached maximal levels in border cells by late phases of migration, particularly after the border cell cluster had reached the oocyte ([Figure 4, C, C′, G, and G](#F4){ref-type="fig"}″).

![Rapgap1 is important for border cell migration. (A--G″) Rapgap1 protein expression and subcellular localization during the stages of oogenesis when border cells migrate. Wild-type egg chambers stained for Rapgap1 (magenta, A--C; red, D--G; white, A′--C′, D″--G″), DAPI to visualize nuclear DNA (blue, A--C), and costained for phalloidin to label F-actin (green, A--C) or expressing UAS-PLC∆PH:GFP to visualize cell membranes (green in D--G and white in D′--G′). (A--C′) Rapgap1 is expressed in anterior and posterior polar cells (arrowheads), as well as border cells (arrows), throughout the stages when border cells migrate, from detachment to complete migration. (D--G″) Close-up view of border cells coexpressing membrane-GFP and Rapgap1. Rapgap1 levels are highest in polar cells (arrowheads) at the start of migration (D, D‴) and at mid-migration stages (E, E‴, F, and F‴). By the end of migration, polar cells and border cells exhibit more equivalent levels of Rapgap1 (G, G‴). Rapgap1 exhibits diffuse subcellular localization in the cytoplasm and at cell membranes of border cells (arrows, D--G‴) and polar cells (arrowheads, D--G‴). The colocalization of Rapgap1 with membrane-GFP was confirmed by measuring normalized pixel intensities across border cell (arrows) and polar cell (arrowheads) membranes using the "plot profile" feature of FIJI (see *Materials and Methods* and Supplemental Figure 3, F and G). Maximum intensity projections of four to six merged *z-*stack sections are shown here but were not used for quantification. The direction of migration is to the right. (H, I) Raising or lowering the levels of Rapgap1 in border cells impairs migration. Quantification of complete (green), incomplete (pink), and no (blue) migration in stage 10 egg chambers. (H) Overexpression of Rapgap1 in border cells and polar cells driven by *c306-*GAL4. Genotypes are as follows: control (*c306*-GAL4, tsGAL80/+) and UAS-Rapgap1 (*c306*-GAL4, tsGAL80/+; +/UAS-Rapgap1). Migration distance as in [Figure 1B](#F1){ref-type="fig"}. Values consist of four trials, with each trial assaying *n* ≥ 50 egg chambers (total *n* ≥ 230 egg chambers per genotype); \*\*\*\**p* \< 0.0001; unpaired two-tailed *t* test comparing "complete" migration. (I) Rapgap1 RNAi in border cells driven by *slbo-*GAL4. Genotypes are control (*slbo-*GAL4/UAS-mCherry RNAi) and Rapgap1 RNAi (*slbo*-GAL4/UAS-Rapgap1 RNAi v102659). Values consist of three trials, with each trial assaying *n* ≥ 44 egg chambers (total *n* ≥ 186 egg chambers per genotype); \**p* = 0.016; unpaired two-tailed *t* test comparing "incomplete" migration. Error bars in H and I: ± SEM.](mbc-29-2656-g004){#F4}

In other cells, Rapgap1 homologues are associated with a variety of subcellular compartments ([@B106]; [@B43]). Therefore, we examined the subcellular localization of Rapgap1 in border cells. We expressed a GFP-tagged membrane marker (UAS-PLC∆PH-GFP) in border cells and polar cells using *c306-*GAL4 ([Figure 4, D--G](#F4){ref-type="fig"}″). Rapgap1 protein was detected in the cytoplasm of border cells and polar cells (e.g., [Figure 4, D and D](#F4){ref-type="fig"}″). However, a fraction of Rapgap1 was also associated with the cell membrane ([Figure 4, D--G](#F4){ref-type="fig"}″; Supplemental Figure 3, F and G). Additionally, Rapgap1 protein was detected at the cell cortex of nurse cells and the oocyte ([Figure 4, A--C](#F4){ref-type="fig"}′). The membrane-associated Rapgap1, as well as differential polar cell versus border cell enrichment, suggests that Rapgap1 normally limits Rap1 activity in border cells and polar cells, although likely to different extents.

To test this idea further, we next raised and lowered the levels of Rapgap1 in border cells using the GAL4/UAS system. Overexpression of Rapgap1 prevented ∼45% of border cell clusters from completing their migration ([Figure 4H](#F4){ref-type="fig"}), consistent with a loss of Rap1 activity. Next, we knocked down Rapgap1 by RNAi only in border cells using *slbo-*GAL4 ([Figure 4I](#F4){ref-type="fig"}). Rapgap1 RNAi significantly reduced the levels of Rapgap1 protein in border cells (Supplemental Figure 3, D--E′). Knockdown of Rapgap1 in border cells produced a mild but significant impairment of border cell migration (∼15%; [Figure 4I](#F4){ref-type="fig"}). Together these results support the idea that Rapgap1 modulates Rap1 activity in border cells. Moreover, the polar cell enrichment of Rapgap1 protein, along with the mild but reproducible disruption of border cell migration on expression of activated Rap1 in polar cells ([Figure 3F](#F3){ref-type="fig"}), supports a model in which Rapgap1 prevents Rap1 from being fully active in polar cells.

Rap1 promotes the distribution of junctional E-cadherin within the border cell collective
-----------------------------------------------------------------------------------------

Rap1 promotes the formation and maturation of cell--cell junctions and can regulate cell-extracellular matrix (ECM) adhesion ([@B16]; reviewed in [@B51]; [@B14]; [@B77]). Maintaining integrity of junctional contacts between border cells is critical to coordinate their collective migration ([@B78]; [@B59]; [@B72]; [@B18]; [@B34]; [@B111]). E-cadherin-containing AJs are established and/or stabilized by Rap1 in many cell types, including the *Drosophila* wing, embryo, and eye ([@B50]; [@B76]; [@B104]; [@B24]; [@B15]; [@B110]). E-cadherin itself is a critical regulator of border cell movement, cell--cell communication, and stabilization of front-directed protrusions ([@B75]; [@B40]; [@B18]). Given the importance of having organized cell--cell contacts, which occurs at least partly through the proper distribution of E-cadherin during border cell collective migration, we next determined whether Rap1 activity regulates junctional E-cadherin.

High levels of E-cadherin are normally found at cell--cell contacts within the migrating border cell cluster ([@B75]; [@B78]; [@B18]), particularly at border cell--border cell (BC-BC) junctions, at junctions between the central polar cells and surrounding border cells (PC-BC), and between polar cells (PC-PC; [Figure 5, A, A′, D, F, and F](#F5){ref-type="fig"}′). Low levels of E-cadherin are found at junctions between border cells and nurse cells (BC-NC; [Figure 5, A, A′, D, F, and F](#F5){ref-type="fig"}′), where it provides traction for border cell movement on nurse cells ([@B75]; [@B40]; [@B18]). Because of the similar migration defects observed on using different genetic manipulations ([Figure 2, D--G](#F2){ref-type="fig"}), we analyzed Rap1 function using the Rap1^N17^ construct. To quantify changes to the levels and/or distribution of E-cadherin, we measured the fluorescence intensity at specific junctions in control and Rap1^N17^ border cell clusters. Specifically, within the same cluster we quantified the E-cadherin fluorescence intensity ratio at BC-BC junctions compared with PC-PC junctions and the ratio of BC-NC junctions compared with NC-NC junctions ([Figure 5, A, A′, and D](#F5){ref-type="fig"}). Rap1^N17^ border cell clusters on average accumulated higher E-cadherin levels at BC-BC junctions ([Figure 5, B, B′, and E](#F5){ref-type="fig"}), compared with control ([Figure 5, A, A′, and E](#F5){ref-type="fig"}). However, E-cadherin levels at BC-BC junctions were also quite variable and sometimes were visibly lower than normal ([Figure 5, B--C′ and E](#F5){ref-type="fig"}). In contrast, E-cadherin was not generally altered at BC-NC contacts, although the overall levels of E-cadherin at BC-NC junctions were variable in both control and Rap1^N17^ border cell clusters ([Figure 5E](#F5){ref-type="fig"}). Border cells were often rounder than normal ([Figure 5, B--C](#F5){ref-type="fig"}′). Additionally, some border cells were less tightly adhered to each other and appeared to partially separate ([Figure 5, B and B](#F5){ref-type="fig"}′).

![Rap1 regulates E-cadherin levels at specific cell--cell junctions. (A--C′, F--H′) Representative stage 9 control (A, A′, F, F′), stage 10 Rap1^N17^ (B--C'), and stage 10 Rap1^V12^ (G--H′) border cell clusters stained for E-cadherin (green in A--C and F--H; white in A′--C′ and F′--H′), Fas III to label the central polar cells (red in A--C and F--H; colocalization with E-cadherin appears yellow), and DAPI to visualize nuclear DNA (blue in A--C and F--H). Polar cells are marked with asterisks in A--C and F--H. The direction of migration is to the right in all panels. Maximum intensity projections of five merged *z-*stack sections are shown. (A--C′) Solid arrowheads mark high E-cadherin expression at border cell--border cell (BC-BC) junctions; open arrowheads indicate lower E-cadherin at BC-BC junctions. Arrows in B and B′ indicate altered contacts between border cells. (F--H′) Solid arrows mark high E-cadherin expression at BC-nurse cell (NC) junctions; open arrows indicate low E-cadherin at BC-NC junctions. (D) Schematic of a migrating border cell cluster showing cell--cell contacts measured for E-cadherin mean pixel fluorescence intensity in E and I; BC-BC and PC-PC (green) and BC-NC and NC-NC (red). (E, I) Quantification, represented as box-and-whisker plots, of the mean pixel intensity of E-cadherin as a ratio of BC-BC/PC-PC (green) and BC-NC/NC-NC (red) in matched control and Rap1^N17^ egg chambers (E) and matched control and Rap1^V12^ egg chambers (I). The whiskers represent the minimum and maximum pixel intensity; the box extends from the 25th to the 75th percentiles; the line indicates the median. ns, not significant (*p* ≥ 0.05); \**p* \< 0.05; \*\*\*\**p* \< 0.0001; two-tailed unpaired *t* test. Genotypes are as follows: matched controls (*c306*-GAL4 tsGal80/+; UAS-PLC-∆PH-GFP/+ in A and A′; *slbo*-GAL4, UAS-mCD8-GFP/+ in D and D′); Rap1^N17^ (*c306*-GAL4 tsGal80/+; +/UAS-Rap1^N17^); Rap1^V12^ (*slbo*-GAL4/+; UAS-Rap1^V12^/+). (E) For control, 31 BC-BC contacts and 22 BC-NC contacts were measured from 15 border cell clusters. For Rap1^N17^, 22 BC-BC contacts were measured from 12 border cell clusters and 24 BC-NC contacts were measured from 11 border cell clusters. (I) For control, 40 BC-BC contacts and 22 BC-NC contacts were measured from 20 border cell clusters. For Rap1^V12^, 46 BC-BC contacts and 30 BC-NC contacts were measured from 25 border cell clusters.](mbc-29-2656-g005){#F5}

We next examined the impact on E-cadherin and cell--cell junctions when Rap1 activity was elevated. E-cadherin levels at BC-BC junctions in Rap1^V12^ border cell clusters were overall unchanged, compared with control ([Figure 5, F--I](#F5){ref-type="fig"}). However, there was a significant, though variable, elevation of E-cadherin at Rap1^V12^ BC-NC junctions ([Figure 5I](#F5){ref-type="fig"}), ranging from quite high ([Figure 5, G and G](#F5){ref-type="fig"}′) to a more moderate increase ([Figure 5, H and H](#F5){ref-type="fig"}′). Thus, increased Rap1 activity produced higher E-cadherin at the cluster periphery, where border cells contact the nurse cells. Taken together, these data support the idea that Rap1 controls the proper distribution and levels of E-cadherin at specific border cell junctions, as well as cell shape and cluster organization.

Rap1 coordinates protrusions in migrating border cells
------------------------------------------------------

The results described above indicate that having the correct levels of active Rap1 is critical for migration and the normal junctional E-cadherin distribution in border cells. To investigate why border cells with altered Rap1 activity often could not complete their migration, we next performed live time-lapse imaging ([Figure 6](#F6){ref-type="fig"}; Supplemental Videos 1--7). We visualized border cells with *slbo*-LifeAct-GFP, which specifically labels F-actin in border cells and a few adjacent follicle cells ([@B18]). This marker allowed us to examine border cell membranes and protrusions in more detail when Rap1 activity was inhibited ([Figure 6, A--B](#F6){ref-type="fig"}‴; Supplemental Videos 1--3). At the start of migration, control border cells formed an organized cluster, with one or two prominent forward-directed protrusions that extended and retracted ([Figure 6A](#F6){ref-type="fig"}; Supplemental Video 1; *n* = 8 videos) ([@B10]; [@B82]). During the remainder of migration, control border cell clusters stayed in a fairly tight group, with a leader cell continuing to extend and retract protrusions at the front ([Figure 6, A--A](#F6){ref-type="fig"}‴; Supplemental Video 1). Rap1^N17^ border cells, in contrast, had trouble moving forward, which was reflected in decreased migration compared with control border cells ([Figure 6, B and C](#F6){ref-type="fig"}; Supplemental Videos 2 and 3; *n* = 8 videos). Many Rap1^N17^ border cell clusters extended protrusions, consistent with the ability of some mutant clusters to leave the follicular epithelium and begin migrating ([Figure 6, B--D](#F6){ref-type="fig"}, Supplemental Videos 2 and 3; *n* = 8 videos). When Rap1^N17^ border cells were able to move into the egg chamber, they generally had a decreased migration speed compared with control ([Figure 6C](#F6){ref-type="fig"}). Rap1^N17^ border cell clusters often extended multiple protrusions (Supplemental Videos 2 and 3; [Figure 6D](#F6){ref-type="fig"}), rather than the typical single protrusion found in control border cell clusters (Supplemental Video 1). Additionally, control border cells had significantly more front-directed protrusions than those at the "side" of the cluster ([Figure 6D](#F6){ref-type="fig"}). In contrast, Rap1^N17^ border cells had almost as many front and side protrusions ([Figure 6D](#F6){ref-type="fig"}). Moreover, some Rap1^N17^ border cell clusters stopped extending protrusions after migrating a short distance ([Figure 6, B″ and B](#F6){ref-type="fig"}‴; Supplemental Video 2). Further, Rap1^N17^ border cells were rounder overall than normal ([Figure 6, B″ and B](#F6){ref-type="fig"}‴; Supplemental Videos 2 and 3). Consistent with a role in promoting cell--cell contacts ([Figure 5, B and B](#F5){ref-type="fig"}′), Rap1^N17^ border cells often appeared to partially separate from each other and were less tightly connected within the cluster compared with control ([Figure 6B](#F6){ref-type="fig"}‴; Supplemental Video 2; unpublished data).

![Rap1 promotes collective motility and the proper formation of a single lead protrusion. (A--B‴, G--H‴) Frames from matched control (A--A‴; Supplemental Video 1) and Rap1^N17^ (B--B‴; Supplemental Video 2), and matched control (G--G‴; Supplemental Video 4) and Rap1^V12^ (H--H‴; Supplemental Video 5) live time-lapse videos showing migrating border cells (*slbo*-LifeAct-GFP) at the indicated times (h:min). Insets, close-up views of the same border cell clusters from the indicated video frame. Arrowheads indicate protrusions. (A--A‴, G--G‴) Representative control border cell clusters with major front protrusions. Cells within the cluster stay tightly cohesive throughout migration. (B--B‴) Representative Rap1^N17^ border cell cluster with multiple protrusions during early migration (B, B′). Later, the border cells become round (B″ and B‴). (H-H‴) Representative Rap1^V12^ border cell cluster that failed to initiate migration. Border cells remain at the anterior of the egg chamber. Multiple "side" protrusions extend (H, H‴), in addition to prominent "front" protrusions (H′, H″). (C, I) Measurement of migration speed in individual videos. (C) Matched control (*n* = 8) and Rap1^N17^ (*n* = 8). (I) Matched control (*n* = 7) and Rap1^V12^ (*n* = 12). (D--F, J--L) Measurements of protrusions within the first hour of matched control and Rap1^N17^ (D--F) and matched control and Rap1^V12^ (J--L) videos. (D, J) Number of protrusions from migrating clusters, per frame of the video, at the front, back, or side of the cluster. (E, F, K, L) Quantification of the average length (E, K) and average area (F, L) of protrusions from time-lapse videos of the indicated genotypes. See Supplemental Figure 4A for a schematic showing how protrusion length and area were measured. (D--F) *N* = 8 videos for control: 22 front protrusions, 7 side protrusions, and 3 back protrusions were analyzed; *n* = 7 videos for Rap1^N17^: 16 front protrusions and 3 side protrusions were analyzed; no back protrusions were observed. (J--L) *N* = 7 videos for control: 19 front protrusions and 3 side protrusions were analyzed; *n* = 12 videos for Rap1^V12^: 26 front protrusions and 12 side protrusions. Error bars: SEM; \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001; all other values were not significant (*p* ≥ 0.05), with the exception of D, E, F, and J, where the *p* values are shown to compare front and side protrusions within the same genotype; unpaired two-tailed *t* test. (A--F) Genotypes: control (*c306*-GAL4, tsGal80/+; +/*slbo*-LifeAct-GFP) and Rap1^N17^ (*c306*-GAL4, tsGal80/+; UAS-Rap1^N17^/*slbo*-LifeAct-GFP). (G--L) Genotypes: control (*slbo*-GAL4/*slbo*-LifeAct-GFP) and Rap1^V12^ (*slbo*-GAL4/*slbo*-LifeAct-GFP; +/UAS-Rap1^V12^).](mbc-29-2656-g006){#F6}

###### Video S1

Migrating control border cells marked with LifeAct-GFP. Representative example of a live stage 9 control (*c306*-GAL4, tsGAL80/+; +/*slbo*-LifeAct-GFP) egg chamber. The Video shows that the control border cell cluster stays organized and that one or two border cells extend protrusions as they migrate to the oocyte (time in h:min). Frames were acquired every 3 min with a 20x objective. Anterior is to the left.

Video S1

###### Video S2

Rap1^N17^ border cells are less organized and fail to complete their migration. Example of a live stage 9 Rap1^N17^ (*c306*-GAL4, tsGAL80/+; UAS-Rap1^N17^/*slbo*-LifeAct-GFP) egg chamber in which the rear border cell remains attached to an anterior follicle cell. Border cells extend longer side protrusions during the first half of the Video (until \~1:18; time in h:min), after which border cells become round. By the end of the Video, border cells in the cluster are less organized than in control. Border cell migration is slower than in the control and the cluster does not reach the oocyte by the correct stage. Frames were acquired every 3 min with a 20x objective. Anterior is to the left.

Video S2

###### Video S3

Rap1^N17^ border cells are initially highly protrusive but migrate slower than control. Example of a live stage 9 Rap1^N17^ (*c306*-GAL4/+; UAS-Rap1^N17^/*slbo*-LifeAct-GFP) egg chamber in which the cluster completely detaches from the anterior follicle cells and migrates partway to the oocyte. Similar to Video 2, multiple cells extend protrusions during the first half of the Video, especially \"side\" cells (until \~1:30; time in h:min). Border cells eventually become rounder than normal. Frames were acquired every 2 min with a 20x objective. Anterior is to the left.

Video S3

###### Video S4

Migrating control border cells marked with LifeAct-GFP. Representative example of a live stage 9 control (*slbo*-GAL4/*slbo*-LifeAct-GFP) egg chamber. Control border cells detach from the anterior follicle cells, extend forward-directed protrusions and migrate to the oocyte (time in h:min). Frames were acquired every 3 min with a 20x objective. Anterior is to the left.

Video S4

###### Video S5

Rap1^V12^ border cells do not migrate but extend multiple front and side protrusions. Representative example of a live stage 9 Rap1^V12^ (*slbo*-GAL4/*slbo*-LifeAct-GFP; UAS-Rap1^V12^/+) egg chamber. Rap1^V12^ border cells stay at the anterior end of the egg chamber and do not move forward, but extend both front protrusions and prominent side protrusions (time in h:min). Frames were acquired every 3 min with a 20x objective. Anterior to the left.

Video S5

###### Video S6

Migrating control border cells marked with mCD8::GFP. Representative example of a live stage 9 control (*slbo*-GAL4, UAS-mCD8::GFP/+) egg chamber. The mCD8::GFP marker appears primarily cytoplasmic in migrating border cells but not in central polar cells because *slbo*-GAL4 does not drive expression in polar cells (Geisbrecht and Montell, 2002). Control border cells can extend several protrusions, but the forward protrusion is usually more stable (time in h:min). Frames were acquired every 3 min with a 20x objective. Anterior is to the left.

Video S6

###### Video S7

PDZ-GEF-overexpressing (OE) border cells do not detach from the follicle cell epithelium. Representative example of live stage 9 egg chamber overexpressing PDZ-GEF (*slbo*-GAL4, UAS-mCD8::GFP/+; +/UAS-PDZ-GEF). PDZ-GEF-overexpressing border cells stay attached to the adjacent anterior follicle cells, which also express *slbo*-GAL4 UAS-mCD8::GFP, but extend front-directed protrusions (time in h:min). Frames were acquired every 3 min with a 20x objective. Anterior is to the left.

Video S7

The formation of dynamic protrusions is critical for cells to successfully migrate ([@B85]). Given that Rap1^N17^ border cells did not complete their migration, yet many clusters extended extra protrusions, we next analyzed how protrusions were affected by loss of Rap1 activity. We measured the length and area of protrusions produced by Rap1^N17^ border cell clusters compared with control ([Figure 6, E and F](#F6){ref-type="fig"}; Supplemental Figure 4, A and B). Interestingly, we observed an increase in the average length of non-forward-directed protrusions ("side") but an overall decrease in the maximum length of forward protrusions ([Figure 6E](#F6){ref-type="fig"}; Supplemental Figure 4A). The size of protrusions was also altered, with forward protrusions decreasing and side protrusions increasing in area compared with control ([Figure 6F](#F6){ref-type="fig"}; Supplemental Figure 4B). We further noticed that Rap1^N17^ side protrusions often resembled front protrusions ([Figure 6B-B](#F6){ref-type="fig"}‴; Supplemental Video 2). Indeed, the length and area of Rap1^N17^ side protrusions were predominantly similar to the ones at the front, whereas in control the front and side protrusions were significantly different ([Figure 6, E and F](#F6){ref-type="fig"}; Supplemental Figure 4B). These phenotypes together suggest that decreased Rap1 activity impairs the ability of border cells to produce productive lead protrusions and to suppress side protrusions.

Next, we analyzed the impact of elevated Rap1 activity on live border cells. We imaged matched control ([Figure 6, G--G](#F6){ref-type="fig"}‴; Supplemental Video 4; *n* = 13) and Rap1^V12^-expressing border cell clusters ([Figure 6, H--H](#F6){ref-type="fig"}‴; Supplemental Video 5; *n* = 20) labeled with either mCD8::GFP (unpublished data) or *slbo-*LifeAct-GFP. In fixed egg chambers, ∼35--40% of border cells with increased Rap1 activity (Rap1^V12^ or PDZ-GEF overexpression) did not migrate away from the anterior tip of the egg chamber ([Figure 3A](#F3){ref-type="fig"}). Most live Rap1^V12^-­expressing border cells also did not move forward during imaging, in contrast to control border cells that always completed their migration ([Figure 6, G--I](#F6){ref-type="fig"}; Supplemental Videos 4 and 5). Border cells overexpressing PDZ-GEF also did not migrate and strongly resembled Rap1^V12^ border cells (Supplemental Video 7, *n* = 8; see Supplemental Video 6 for matched control, *n* = 6). This lack of forward movement was despite the ability of Rap1^V12^ ([Figure 6J](#F6){ref-type="fig"}; Supplemental Video 5) and PDZ-GEF-overexpressing (Supplemental Video 7) border cells to extend front-directed protrusions.

Inclusion of *slbo-*LifeAct-GFP allowed us to further analyze protrusions in Rap1^V12^ border cells compared with control ([Figure 6, J--L](#F6){ref-type="fig"}; Supplemental Figure 4, C and D; *n* = 7 videos for control; *n* = 12 videos for Rap1^V12^). Notably, Rap1^V12^ border cells extended more side-directed protrusions than control, with almost equal numbers of total protrusions produced at the side as at the front ([Figure 6J](#F6){ref-type="fig"}). Rap1^V12^ front- and side-directed protrusions were longer ([Figure 6K](#F6){ref-type="fig"}; Supplemental Figure 4C), and had an increased area ([Figure 6L](#F6){ref-type="fig"}; Supplemental Figure 4D), compared with control protrusions. These data together indicate that having the proper levels of activated Rap1 are necessary for producing front-directed protrusions with the correct length and size. The abnormal protrusions produced by both loss and gain of Rap1 activity, and the failure to restrict protrusions to the front, could account for the inability of these border cell clusters to complete their migration. Together, our data suggest that having an optimal level of Rap1 controls the shape of border cells, maintains cell--cell contacts within the cluster, and promotes the formation of polarized protrusions with normal dynamics.

DISCUSSION
==========

Rap1 is required for organ and tissue morphogenesis in developing organisms, often through its roles in modulating the cytoskeleton, cell polarity, and/or cell--cell or cell--matrix adhesions ([@B14]; [@B39]). While Rap1 has been implicated in the motility of some single cells ([@B45]; [@B48]; [@B55]; [@B61]; [@B119]), whether or how Rap1 regulates migration of cells that move as collectives is poorly understood. Here we report Rap1 as a new coordinator of *Drosophila* border cell collective migration. Specifically, Rap1 promotes connections between cells in the cluster, which occurs at least partly through regulation of the proper distribution of E-cadherin and potentially through maintenance of normal border cell shape. Rap1 further controls the extension of polarized, front-directed protrusions. Optimal levels of Rap1 activity restricts the number of protrusions produced by the cluster and ensures that these protrusions have the proper length and size to sustain movement. Thus, we propose a model in which precise levels of activated Rap1, controlled by PDZ-GEF and Rapgap1, promotes the organization, shape, and polarity of the entire border cell cluster; this in turn drives the coordinated migration of the collective.

Our study indicates that Rap1 promotes the maintenance of cell--cell contacts within the border cell cluster during migration. Border cells, like other cell collectives, require tight cellular connections so that cells stay interconnected and move together in vivo. E-cadherin-based AJs are used by many epithelial-derived collectives to keep cells together during migration (reviewed in [@B25]; [@B65]; [@B37]). In border cells this is achieved through the proper localization and levels of multiple junctional proteins, including E-cadherin but also the apical polarity proteins aPKC, Par-3/Baz, and Par-6 ([@B75]; [@B78]; [@B59]; [@B72]; [@B18]; [@B111]). Intriguingly, we found that either loss or gain of Rap1 activity was sufficient to disrupt the levels and distribution of E-cadherin at specific cell--cell junctions. Inhibition of Rap1 altered E-cadherin at BC-BC junctions, resulting in higher E-cadherin at some junctions and lower levels at others; in some cases, there was an apparent rounding and partial separation of the cells within the cluster. Border cells with activated Rap1, in contrast, had elevated E-cadherin at BC-NC contacts, and many failed to detach from the epithelium. Low levels of E-cadherin at the BC-NC interface provides traction for border cells to migrate on nurse cells ([@B75]; [@B18]). Elevation of E-cadherin at BC-NC contacts when Rap1 is constitutively activated could prevent forward movement of border cells as seen in other mutants that disrupt distribution of E-cadherin within the cluster ([@B78]; [@B96]; [@B1]). Previous studies showed that abnormal elevation of apical polarity proteins and a failure to downregulate E-cadherin at junctions between border cells and follicle cells in turn prevents complete border cell detachment from the epithelium ([@B96]; [@B66]; [@B1]). Although not directly tested here, our results suggest that in order for border cells to detach from the epithelium, Rap1 activity must transiently be low so that junctions between border cells and follicle cells can be remodeled or broken.

Altogether our results suggest that having the correct levels of active Rap1 in border cells may impact E-cadherin junctional positioning, distribution and/or stability, similar to what has been seen in the wing and other epithelial tissues ([@B50]; [@B104]; [@B24]; [@B114]). Notably, loss of E-cadherin does not disrupt cell--cell contacts or the shape of cells within the border cell cluster ([@B75]; [@B40]; [@B18]). Instead, E-cadherin-deficient border cells fail to extend major protrusions but can migrate "off-track" for short distances, indicating that directional guidance to the oocyte is lost ([@B40]; [@B18]). Thus, it is reasonable to predict that Rap1 promotes cell--cell contacts within the migrating border cell cluster through additional cell junction or cell polarity proteins. For example, Rap1 could more directly regulate connection of AJs to the F-actin cytoskeleton, possibly through junctional components such as alpha-Catenin, Vinculin, and/or Canoe/Afadin ([@B62]; [@B53]). Further work is needed to test these different possibilities.

We have shown that Rap1 promotes the formation of polarized protrusions within the border cell cluster. Increasing or decreasing Rap1 activity caused an overall increase in the number of protrusions, especially those produced by nonleading border cells. These results suggest that altering Rap1 activity disrupts polarization of the migrating cluster. Cells that migrate in collectives need to establish one or more cells that will become protrusive leaders, and then reinforce this information among the group so that follower cells do not extend extra protrusions ([@B65]). Such leader--follower orientation facilitates efficient directional movement. Border cells establish cluster polarity through a signaling cascade that begins with long-range secretion of chemoattractant guidance ligands from the oocyte ([@B30]; [@B69], [@B68]). The border cell in front presumably receives the highest levels of ligands, triggering RTK-mediated activation of the Rac small GTPase and enrichment of F-actin, thus forming a stable lead protrusion ([@B30]; [@B113]). This information is then communicated to follower cells through a combination of Rab11, Moesin, and JNK signaling, which prevent follower cells from extending protrusions ([@B59]; [@B113]; [@B84]). Loss of any one of these components results in all border cells, both leader and follower cells, extending protrusions ([@B82]; [@B113]; [@B84]), similar to what we observed when Rap1 activity was impaired.

Intracollective adhesions also couple cells together to communicate and stabilize the front-rear polarity of the migrating collective ([@B8]; [@B25]; [@B65]). In border cells, E-cadherin-based AJs facilitate this communication of leader-follower protrusion position in response to Rac GTPase signaling through mechanical linkage of cells in the cluster ([@B18]). We propose that Rap1 participates in this collective-wide communication of leader-follower protrusion formation, although the mechanism is currently unknown. Loss of Rap1 disrupted contacts between border cells and the normal distribution of E-cadherin. Thus, it is possible that Rap1 mediates reinforcement of protrusion extension from the front border cell through stabilization of cell--cell junctions. A recent study also found that Rap1 is required for the formation of a single leading border cell protrusion ([@B20]), in agreement with our study. Supporting a role for Rap1 in border cell cluster polarization, [@B20] found that disruption of Rap1 resulted in spatially uniform Rac activation. This depolarized Rac activity is consistent with a failure to restrict Rac-induced protrusions to the cluster front ([@B113]). Whether Rap1 functions more directly as part of this canonical RTK-Rac-E-cadherin polarization pathway, however, remains to be determined.

Our data also demonstrate a role for Rap1 in protrusion formation. While many border cells deficient for Rap1 activity initially produced a burst of additional protrusions, eventually these protrusions retracted and did not reform. Notably, both loss and gain of Rap1 activity disrupted protrusion length and shape. Thus, having optimal levels of Rap1 activity is required for the proper morphology and dynamics of protrusions, which in turn is required for normal migration. [@B20] further investigated the role for Rap1 in border cell protrusions. Similarly to the findings reported here, [@B20] found that Rap1 influenced protrusion formation and number. Moreover, Rap1 promoted the proper distribution of F-actin and myosin within the cluster. In this context, Rap1 inhibits the Hippo/Warts pathway ([@B20]). Hippo suppresses F-actin enrichment in border cells through inhibition of Enabled (Ena), a regulator of F-actin polymerization ([@B60]). Rap1 binds to Hippo and suppresses Hippo activation, relieving inhibition of Ena ([@B20]), thus potentially accounting for the effects on protrusion dynamics ([@B41]). The Hippo/Warts-Ena pathway also polarizes F-actin within the cluster ([@B60]). However, there are distinct differences in the effects on protrusions, and cluster polarity, caused by loss of Hippo/Warts versus gain of Rap1 activity ([@B60]; [@B20]; this study). Therefore, it is likely that Rap1 functions with additional downstream molecular targets in border cell migration.

Because Rap1 has multiple functions in border cells, an open question is where and when Rap1 is active. Both Rap1 and the major GEF, PDZ-GEF, are uniformly expressed during migration. Rap1 is required in border cells for migration, but its activity needs to be low or off in the central polar cells. These Rap1 functions correlate well with the expression pattern of Rapgap1, a GAP for Rap1 ([@B21]). Rapgap1 protein is high in polar cells, but is expressed at lower levels in migrating border cells. However, Rapgap1 cannot simply turn off Rap1 activity in border cells as it likely does in polar cells, because this would be expected to block migration. Instead, Rapgap1 may induce rapid cycling of Rap1 in border cells, leading to dynamic or differential activation of this pathway. In *Drosophila* gastrulation, spatially different levels of Rapgap1 produces two distinct outcomes: 1) low Rapgap1 results in high Rap1 activation, which tightly links cell--cell junctions to F-actin, thus resulting in shallow invagination of the epithelium, and 2) high Rapgap1 results in rapid cycling of Rap1, which decouples cell--cell junctions from F-actin, thus allowing deeper invagination of the epithelium and further folding of the tissue ([@B114]). More work, however, is needed to determine whether Rapgap1 influences Rap1 activity in a similar manner in border cells versus polar cells. Further, it is unknown why Rapgap1 levels dramatically increase in border cells as they finish their migration and what consequence this has, if any, for border cells once they arrive at the oocyte. In the future, development of a more direct readout of Rap1 activity in vivo will help to clarify the spatial and temporal functions of Rap1. Likewise, identification of specific downstream effectors of Rap1 in border cells will be needed to further reveal the precise mechanisms by which Rap1 controls cluster organization, cell--cell contacts, and polarized protrusion extension. Given the molecular and cellular similarities found in diverse cells that migrate as collectives ([@B35]; [@B65]; [@B92]), along with high conservation of the Rap1 protein ([@B39]), our study in border cells suggests that Rap1 may be a conserved regulator of collective cell movements in vivo.

MATERIALS AND METHODS
=====================

*Drosophila* genetics and strains
---------------------------------

Crosses were generally performed at 25°C. Crosses with temperature-sensitive GAL80 ("tsGAL80") were placed at 18°C to suppress GAL4/UAS during earlier developmental stages ([@B70], [@B71]). For *slbo-*GAL4 or *c306-*GAL4 crosses, flies were incubated at 29°C for ≥14 h prior to dissection to produce optimal GAL4/UAS transgene expression and to inactivate tsGAL80. For *upd-*GAL4, flies were incubated at 29°C for 3 d prior to dissection ([@B57]). *c306-*GAL4 is expressed early in border cells, polar cells, and anterior follicle cells ([@B64]; [@B102]) and was used to drive UAS-RNAi and other UAS constructs earlier in oogenesis before border cells are specified. *c306*-GAL4 is generally more efficient at driving RNAi-dependent knockdown, likely because of earlier expression than other drivers ([@B3]). *slbo-*GAL4 drives later, high expression in border cells, but not polar cells, after border cell cluster formation; it is also expressed in a few anterior and posterior follicle cells ([@B88]). *upd*-GAL4 drives expression solely in polar cells throughout oogenesis ([@B5]; [@B78]). GAL4 lines were generally outcrossed to *w^1118^* to serve as controls.

Mosaic mutant clones of *Rap1^CD3^ FRT 2A,* and *FRT 2A* (control), were generated using the FLP-FRT system ([@B117]). To produce somatic clones in border cells, flies were crossed to *hs*-FLP; *FRT 2A* His2Av-mRFP. Adult progeny of the correct genotype was heat shocked for 1 h at 37°C, two to three times a day for 3 d, followed by 6 d at 25°C prior to dissection. Mosaic mutant clones were marked by loss of the His2Av-mRFP (nuclear RFP) signal. For production of germline clones, *Rap1^CD3^ FRT 2A*, and *FRT 2A* (control), flies were mated to *hs*-FLP; *FRT 2A*, His2Av-mRFP flies and allowed to lay eggs for 2 d. The progeny was then heat shocked on days 3 and 4 (approximately second and third instar larval stages), followed by incubation at 25°C. Adult flies were dissected 5--7 d after eclosion. Dissected ovaries were analyzed for loss of nuclear RFP in the germline of individual egg chambers, indicating that clones had been made and nurse cells were mutant for *Rap1*.

The following *Drosophila* strains in this study were obtained from the Bloomington *Drosophila* Stock Center \[BDSC\], unless otherwise indicated: *tub*-GAL80^ts^ ("tsGAL80"), *hsp70*-GAL4 ("*hs*-GAL4"), *c306*-GAL4, *c306-*GAL4 tsGAL80 ([@B2]), *slbo-*GAL4, *slbo-*GAL4 UAS-mCD8::GFP (from D. Montell, University of California, Santa Barbara, Santa Barbara, CA), *upd-*GAL4; tsGal80 (from D. Montell), UAS-GFP RNAi (dsRNA GFP; line 9331), UAS-mCherry RNAi (dsRNA mCherry; line 35785), UAS-*PDZ-GEF* RNAi (line 27017; Vienna *Drosophila* Resource Center \[VDRC\]), UAS-*PDZ-GEF* RNAi (line 27015; VDRC), UAS-*PDZ-GEF* RNAi (line TRiP.HM05139), UAS-*Epac* RNAi (line 50372; VDRC), UAS-*Epac* RNAi (line 50373; VDRC), UAS-*Epac* RNAi (line 110077; VDRC), UAS-*C3G* RNAi (line 21306; VDRC), UAS-*C3G* RNAi (line 21307; VDRC), UAS-*C3G* RNAi (line 105664; VDRC), UAS-*Rap1* RNAi (line 33437; VDRC), UAS-*Rapgap1* RNAi (line 102659; VDRC), *PDZ-GEF^1^* (*PDZ-GEF^k13720^*; P-element enhancer trap insertion line, from Kyoto Stock Center), *PDZ-GEF^3^* (P-element insertion line, from S. Hou, National Cancer Institute, National Institutes of Health, Frederick, MD), *PDZ-GEF^6^* (P-element excision line, from S. Hou), FRT 2A, FRT 2A *Rap1^CD3^* (deletes the entire Rap1 gene; from J. Curtiss, New Mexico State University, Las Cruces, NM), UAS-*PDZ-GEF* on third (from B. Boettner, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY), UAS-Rap1^N17^ (DN-Rap1 mutation; from B. Boettner), UAS-Rap1^WT^ (wild-type Rap1; from B. Boettner), UAS-Rap1^V12^ (constitutively active- \[CA-\] Rap1; from B. Boettner), UASp-Rapgap1 (from Y.-C. Wang, RIKEN Center for Developmental Biology, Kobe, Japan), UAS-Eya.II ([@B5]), UAS-PLC∆PH-GFP ("membrane GFP"; [@B109]), *slbo*-LifeAct-GFP on second (from D. Montell), *PDZ-GEF*-GFP-PDZ-GEF reporter ("GFP-PDZ-GEF"; from R. Reuter, University of Tübingen, Tübingen, Germany; [@B13]), and *Rap1-*GFP-Rap1 reporter ("GFP-Rap1"; from D. Siekhaus, Institute of Science and Technology Austria, Klosterneuburg, Austria; [@B50]). Detailed information on *Drosophila* strains can be found at FlyBase (<http://flybase.org/>). The PDZ-GEF RNAi line TRiP.HM05139 targets independent *PDZ-GEF* sequences from PDZ-GEF RNAi lines 27015 and 27017 (construct GD14231). UAS-Rap1^N17^ and UAS-Rap1^V12^ mutations within the respective transgenic fly lines were PCR amplified and sequence verified using a UAS primer and a Rap1 gene-specific primer.

Immunostaining
--------------

Ovaries from 3- to 5-d-old females were dissected in Schneider's media (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) and either kept whole or further dissected into individual ovarioles as described ([@B67]). This was followed by fixation for 10 min with 4% methanol-free formaldehyde (Polysciences) in 0.1 M potassium phosphate buffer, pH 7.4, and washes with NP40 block (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% NP40, 5 mg/ml bovine serum albumin). All primary and secondary antibody incubations were performed in NP40 block. The following primary antibodies from the Developmental Studies Hybridoma Bank (DSHB) were used at the indicated concentrations: rat anti-E-cadherin 1:10 (DCAD2), mouse anti-GFP 1:10 (12A6), mouse anti-Fasciclin 3 1:10 (FasIII; 7G10), and mouse anti-Fascin 1:25 (Sn7C). Additional antibodies used were rat anti-Rapgap1 1:1000 (a gift of Y.-C. Wang and E. Wieschaus, Princeton University, Princeton, NJ) ([@B114]); rabbit anti-phosphorylated c-Jun (p-Jun) 1:200 (KM-1; Santa Cruz); rabbit anti-β-galactosidase 1:1000 (Cappel, MP Biomedicals); rabbit anti-GFP Tag polyclonal 1:1000--1:2000 (A-11122; Thermo Fisher Scientific). Alexa Fluor 488, 568, or 647 secondary antibodies (Thermo Fisher Scientific) were used at 1:400 dilution. Alexa Fluor 568 phalloidin and Alexa Fluor 488 phalloidin were used at 1:400 dilution. 4',6-Diamidino-2-phenylindole (DAPI) was used at 0.05 µg/ml. To amplify GFP signal in some experiments, GFP booster (ChromoTek) was used according to manufacturer's protocol. Dissected egg chambers were mounted on slides in Aqua-Poly/Mount (Polysciences) or FluorSave Reagent (Millipore Sigma) prior to imaging.

Live time-lapse imaging
-----------------------

For live imaging of border cells inhibited for Rap1, *c306*-GAL4 tsGAL80 (control) and *c306*-GAL4 tsGAL80; UAS-Rap1^N17^ stocks were each crossed to *slbo*-LifeAct-GFP. To obtain optimal GAL4/UAS expression, flies of the correct genotypes were incubated at 29°C for ≥14 h prior to dissection. To image the overall effects of activated Rap1 on live border cell migration, *w^1118^* (control), UAS-Rap1^V12^ (CA-Rap1), and UAS-PDZ-GEF were each crossed to *slbo*-Gal4 UAS-mCD8:GFP. To image protrusion dynamics, *slbo-*GAL4; UAS-Rap1^V12^ and *slbo-*GAL4 (control) were each crossed to *slbo-*LifeAct-GFP. Flies were incubated at 28°--29°C for ≥14 h prior to dissection. Live imaging was performed essentially as described ([@B82]; [@B81]; [@B63]; [@B26]). Briefly, ovarioles were dissected in live imaging media (Schneider's media, pH 6.95, supplemented with 15--20% FBS and 0.2 µg/ml bovine insulin) and mounted on a lumox Dish 50 (Sarstedt, cat. no. 94.6077.410), a gas-permeable culture dish. Fresh live imaging media was added to the sample just prior to imaging. For imaging cell membranes ([Figure 1A](#F1){ref-type="fig"}), the lipophilic dye FM 4-64 (Thermo Fisher Scientific) was added at 9 µM concentration to dissected egg chambers in live imaging media as described ([@B10]; [@B81]). In all cases, time-lapse images were acquired at intervals of 2--3 min for up to 4 h using a 20× Plan-Apochromat 0.75 NA objective, a Zeiss Colibri LED light source and either a Zeiss MRm or Axiocam 503 mono camera. Light intensity of the LED was adjusted to minimize phototoxicity of the sample. In some cases, multiple *z-*stacks were acquired and merged in Zeiss AxioVision, Zeiss ZEN, or FIJI to produce a single in-focus time-lapse video of border cell migration.

Microscopy and analyses
-----------------------

Images of fixed egg chambers were mainly acquired with an upright Zeiss AxioImager Z1 microscope using Apotome.2, an Axiocam 503 mono camera, and either a 20× Plan-Apochromat 0.75 numerical aperture (NA) or a 40× Plan-Neofluar 1.3 NA oil-immersion objective. Some images were acquired on a Zeiss LSM 880 confocal microscope using the 405-, 488-, 561-, and/or 633-nm laser lines and either a 20 × 0.8 NA or 40 × 1.3 NA oil-immersion objective (KSU-CVM Confocal Core). Image brightness/contrast and measurements were performed using Zeiss AxioVision 4.8, Zeiss ZEN or ImageJ (FIJI) ([@B95]). FIJI was used to merge *z-*stacks; maximum intensity projections are shown in the figures but only single sections were used to measure fluorescence intensity.

Analyses of live border cell migration time-lapse videos was performed using Zeiss ZEN software. The migration speed was calculated from the duration of its movement. For protrusion quantification, a circle was drawn around the cell cluster, and extensions greater than 4 µm were defined as protrusions (see Supplemental Figure 4A). Protrusions were classified into front (0° to 45° and 0° to 315°), side (45° to 135°and 225° to 315°), and back (135° to 225°) based on position within the cluster. The first 1 h of each video was used for quantification.

Measurements of E-cadherin intensity at cell--cell junctions were performed on egg chambers stained using identical conditions for E-cadherin (Alexa-568), FasIII (Alexa-647), and DAPI. Identical confocal laser settings were used for each channel, based on a control border cell cluster, and imaged with a 40 × 1.3 NA objective. Acquired images were then processed in FIJI. First, the center of each *z-*stack was manually identified using the polar cells as a landmark. Two *z-*stacks above and below this central section (five total) were then used to create a sum intensity projection. Cell--cell contacts (BC-BC, PC-PC, BC-NC, and NC-NC; see [Figure 5D](#F5){ref-type="fig"}) were manually identified, a line drawn, and mean fluorescence intensity across the line was obtained using the "measure" tool. The PC-PC contact was defined by the FasIII staining, which is highest between polar cells. A ratio of BC-BC intensity versus PC-PC intensity was calculated to normalize "within-cluster" E-cadherin levels; a ratio of BC-NC intensity versus NC-NC (always a NC-NC contact in front of the cluster) was calculated to normalize the E-cadherin levels at the outer edge of the cluster.

To measure Rapgap1 colocalization with membrane GFP, at least one line was drawn using FIJI across each border cell cluster at clearly visible cell and polar cell membranes. The "plot profile" function was used to obtain graph curves for Rapgap1 pixel intensity and membrane-GFP pixel intensity across the line. Only a single *z-*section was measured for each border cell cluster (*n* = 7 border cell clusters). The values for each channel were normalized to the highest pixel value, and a scatter plot showing both channels was generated in Microsoft Excel (Supplemental Figure 3G). In most cases, the curves for Rapgap1 and membrane-GFP overlapped across all measured cell membranes within the border cell cluster.

RT-PCR
------

To measure RNAi efficiency of *PDZ-GEF* in flies, the three UAS-*PDZ-GEF* RNAi lines (v27017, v27015, and TRiP.HM05139) were each crossed to *hs*-GAL4. Adult progeny from this cross were heat shocked to achieve ubiquitous knockdown, followed by RNA extraction and cDNA synthesis, as described ([@B3]). Briefly, RNA from whole flies was extracted using Trizol (Thermo Fisher Scientific) and used for cDNA synthesis. Reverse transcription-PCR (RT-PCR) was performed with the Superscript III One-Step RT-PCR system (Thermo Fisher Scientific). PCR amplification was as follows: 50°C for 30 min during the cDNA synthesis step, 55°C for 30 s during the annealing step, and 72°C for 1 min during the extension step. PCR was performed for 29 cycles to avoid the plateau phase of amplification. Band intensities of the RT-PCR products were measured using ImageJ ([@B95]) and compared with *GAPDH*, which was used as the reference gene. The gene-specific primers were as follows: *PDZ-GEF* fwd, AGGAACGCGTCTCACTCAAG; *PDZ-GEF* rev, AGGAACGCGTCTCACTCAAG; *GAPDH* fwd, ACTCATCAACC­CTCCCCCG; *GAPDH* rev, GCGGACGGTAAGATCCACAA.

Production of dsRNA for RNAi treatment of *Drosophila* S2 cells and Rap1 activity pull down
-------------------------------------------------------------------------------------------

To make double-stranded RNA (dsRNA) for RNAi treatment of S2 cells, PCR primers were designed with the T7 RNA polymerase sequence at the 5′ end (underlined, below) as described ([@B87]). Templates for dsRNA were amplified by PCR using genomic DNA from *w^1118^* flies. RNA was produced using the T7 MEGAscript kit (Thermo Fisher Scientific), followed by annealing and purification as described ([@B87]). PDZ-GEF primers were designed to match the sequences of the in vivo RNAi lines, v27017 (GD 14231) and TRiP.HM05139. The following primers were used: *gal80* fwd, [TAATACGACTCACTATAGG]{.ul}GAGAATTAAGC­GGCCGCAACATGGAC; *gal80* rev [TAATACGACTCACTATAGG­]{.ul}GAGAGCGTGTCTAGATTATAAACTAT; *PDZ-GEF* v27107 fwd, [TAATACGACTCACTATAGG]{.ul}CGCGAATTCGTCGCCATCCAACGCTCTCTTCTC; *PDZ-GEF* v27107 rev, [TAATACGAC­TCACTATAGG]{.ul}GCGTCTAGAGCTGCCTCCACCACCGCTTC; *PDZ-GEF* TRiP.HM05139 fwd, [TAATACGACTCACTATAGG]{.ul}AAGAATTCACCGCGGATAACTACGTGAC; *PDZ-GEF* TRiP.HM05139 rev, [TAATAC­GACTCACTATAGG]{.ul}AAGAATTCACCGCGGATAACTACGTGAC

*Drosophila* S2 cells were treated with dsRNA designed to the two independent PDZ-GEF RNAi sequences (see above). Cells were then treated with dsRNA for 4 d as described ([@B87]). Cells were harvested and lysates prepared according to manufacturer's instructions using the Active Rap1 Pull-Down and Detection Kit (Thermo Fisher Scientific, cat. no. 16120). Halt protease inhibitor cocktail (Thermo Fisher Scientific) was added to the lysis buffer. Lysates were incubated with GST-RalGDS-RBD purified protein and glutathione resin for 1 h followed by affinity precipitation. Western blot analysis was used to determine the amount of Rap1 present in the pull down, bound to GST-RalGDS-RBD according to manufacturer's instructions. Briefly, samples were prepared for Western blot analysis by addition of 2X SDS sample buffer, heated for 5 min at 100°C, separated by SDS--PAGE on a 12% polyacrylamide gel, transferred to nitrocellulose membrane, and followed by incubation with anti-Rap1 antibody at 1:1000 dilution. A single band corresponding to ∼24 kDa was recognized by anti-human Rap1A antibody, consistent with the predicted size of *Drosophila* Rap1 (22 kDa). *Drosophila* Rap1 and human Rap1A are 90% identical and 96% similar. Rap1 band intensities were measured using ImageJ.

Figures, graphs, and statistics
-------------------------------

Figures were assembled in Adobe Photoshop CS4 and CC 2018. Illustrations were created in Adobe Illustrator CC 2018. Videos were assembled in Zeiss AxioVision 4.8, Zeiss ZEN, or FIJI ([@B93], [@B94]). Graphs and statistical tests were performed with GraphPad Prism 7. Statistical tests and *p* values are listed in the figure legends.
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